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Abstract 
Product changes propagate from design to manufacturing which requires dynamic scheduling and resources planning leading to costly physical 
changes in the manufacturing system. A mixed integer linear programming model is proposed in this paper for functional synthesis of 
manufacturing systems using co-platforming. Co-platforming is a methodology for synthesizing manufacturing systems through mapping 
product platform and non-platform features (and components) to platform and non-platform machines and capabilities, respectively. The 
objective function is to minimize the manufacturing system initial investment cost and the cost of changing it (addition or removal of machines) 
when the product family changes. A case study, based on data from automotive engine cylinder blocks manufacturer, is used to illustrate the 
effectiveness of the proposed model in synthesizing manufacturing systems as well as the cost savings achieved when applying Co-platforming. 
Co-platforming establishes strong mapping between products and systems platforms and enables synthesizing manufacturing systems which are 
capable of co-adaptation and co-evolution. Its application prolongs the life of the manufacturing system to be used for many product variants 
and generations while minimizing changes and related capital investments. 
© 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the Changeable, Agile, Reconfigurable & Virtual Production Conference. 
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1. Introduction 
Manufacturing firms nowadays strive to offer a variety of 
products which requires frequent changes to product design 
but with minimal cost. Such product design changes propagate 
through various enterprise levels and different phases of the 
product lifecycle [1]. Manufacturing is one of the important 
phases in the product lifecycle which is characterized by high 
capital costs for the machine tools, controllers, material 
handling units, etc. Hence, product design changes could have 
serious impacts on the manufacturing system. It is 
advantageous to design and synthesize manufacturing systems 
that are capable of co-adaptation to changes in product 
variants. Flexible manufacturing systems and reconfigurable 
manufacturing systems [2] are manufacturing paradigms that 
appeared for the purpose of reacting to changes and product 
variety management in the manufacturing phase.  
Joint development, co-development or concurrent design of 
products and manufacturing systems [3], co-evolution of 
products and manufacturing systems [4], co-platforming [5], 
are relatively recent approaches for synthesizing 
manufacturing systems. Co-platforming is the synthesis of 
manufacturing systems through mapping product platform 
features and components to the manufacturing system 
platform machines, and non-platform product features and 
components to non-platform machines in order to reduce the 
manufacturing system investment cost [5]. The mathematical 
programming model in this paper extends the introduced co-
platforming strategy [5] by finding the optimum types and 
numbers of platform and non-platform machines through 
minimization of the total investment cost. Product platform 
features and components are defined as a set of common and 
strongly connected features, components, subassemblies, or 
modules shared by all product variants within a product family 
[6]. Platform machines or manufacturing system platform 
refers to a set of machines and manufacturing system 
components required for processing all product platform 
features/components [5]. In this paper, machining features will 
be used to describe parts features due to their relevance in 
manufacturing processes [7]. Functional synthesis is 
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concerned with determining the types and number of each 
machine. The system configuration and addition and removal 
of machine modules such as axes will not be considered in this 
paper. 
2. Literature Survey 
At the system level, ElMaraghy and Abbas [5] proposed for 
the first time a methodology using matrix formulation to 
synthesize manufacturing systems through mapping product 
platform features and components to candidate systems 
platform machines. Hanafy and ElMaraghy [8] proposed a 
model to develop the assembly system layout for delayed 
product differentiation based on phylogenetic networks. 
ElMaraghy and Kashkoush [9] proposed a mixed integer 
linear programming model to synthesis assembly systems 
through association rules and knowledge discovery. Bryan et 
al. [10] proposed a model for concurrent design of product 
families and reconfigurable assembly system. Bryan et al. [11] 
introduced an Assembly System Reconfiguration Planning 
(ASRP) method that simultaneously considers the product 
family design evolution and its corresponding assembly 
system. AlGeddawy and ElMaraghy [4] proposed a novel 
model based on cladistics to track the co-evolution of features 
of individual products and their manufacturing systems and 
modelled their symbiotic relationship. The Co-evolution 
model is capable of predicting future development of new 
products and manufacturing systems. Michaelis et al. [12] 
proposed a model which integrates products and 
manufacturing system along with the manufacturing process 
using functional modelling. The model was established using 
function-means formalism, component structure, and 
manufacturing process. Gedell et al. [3] proposed a framework 
for the co-development of products and their production 
systems and represented them as co-equal objects with 
interactions, interfaces and subsystems. Tolio et al. [13] 
introduced the concept of focused flexibility which is applied 
on a limited scope of product variations. Xu and Liang [14] 
proposed a mathematical model which concurrently optimizes 
product modules type selection and assembly line design in 
terms of assigning operations to machines and line balancing. 
De Lit et al. [15] proposed functional entities and their effect 
on product family design and synthesizing an assembly system 
for the product family. At the machine level, Shabaka and 
ElMaraghy [16] developed a methodology to synthesis a CNC 
machine tool which can be efficiently reconfigured when the 
product features and process plan change. Chen et al. [17] 
developed a methodology for the synthesis of optimal yet 
sufficient reconfigurable machine tool for a family of parts.  
Previous research focused on relating individual product 
features and machines’ capabilities without considering the 
notion of mapping platforms of products and manufacturing 
systems for the purpose of synthesizing manufacturing 
systems. The novelty of the model proposed in this paper is in 
extending the earlier co-platforming work [5] by developing a 
new mathematical programing model for optimal functional 
synthesis of manufacturing systems through co-platforming. 
3. Co-Platforming 
3.1. Concept 
The co-platforming methodology is illustrated in Fig.1. 
Synthesizing a manufacturing system in such a manner will 
result in prolonging the manufacturing system lifecycle since 
platform machines will remain unchanged while non-platform 
machines may be changed if they do not possess the 
capabilities required to process the non-platform product 
features and components arising from new product 
requirements. Characteristics of the manufacturing system 
platform and platform machines include: (1) Platform 
machines must possess sufficient machining capabilities to 
process all product platform features and components. (2) 
Platform machines remain unchanged from one production 
period to another. (3) Non-platform product features and 
components within the product family can be processed in 
each product production period either by adding or removing 
the non-platform machines or by platform machines (if the 
platform machines possess capabilities required to process the 
non-platform product features and components). 
 
Fig. 1. Co-platforming illustration. 
3.2. Mathematical Model 
The list of input parameters, decision variables, sets, 
constants, and constraints are detailed in this section. The list 
of input parameters is: 
zi,t= ൜
1, if product ሺiሻis available in period (t)
0, otherwise  
(1) 
ρi,f= ൜
1, if feature ሺfሻ is available in variant (i)
0, otherwise  
(2) 
γf,o= ൜
1, if operation ሺoሻis required by feature (f)
0, otherwise  
(3) 
McOpj,o= ൜
1, if machine ሺjሻ processes operation (o)
0, otherwise  
(4) 
purcostj:Purchase cost of machine type (j) (5) 
sellcostj:Salvage cost of machine type (j) (6) 
ptime௢ǡ௝:processing time of operation ሺoሻon machine (j) (7) 
demand௜ǡ௧:demand of variant (i) in period (t) (8) 
The list of decision variables are: 
xj,tm= ൜
1, if machine ሺjሻis a platform machine in (t)
0, otherwise  
(9) 
yj,t
m= ൜1, if machine ሺjሻis non-platform machine in  (t)0, otherwise  
(10) 
Product 
platform   
Non-platform 
product 
features and 
components 
Platform 
machines 
Product Domain Manufacturing System 
Domain 
Non-
platform 
machines 
Non-platform 
product 
features and 
components 
Non-
platform 
machines 
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aj,tm= ൜
1, if machine ሺjሻis added as non-platformmachine in (t)
Ͳǡ ݋ݐ݄݁ݎݓ݅ݏ݁  
(11) 
rj,tm= ൝
1, if machine ሺjሻis removed from non-platform
     machines in period (t)
0, otherwise
 
(12) 
xf,t
p = ൜1, if feature ሺfሻis product platform feature in period (t)0, otherwise  
(13) 
yf.t
p = ൜1, if feature ሺfሻis non-platform product feature in (t)0, otherwise  (14) 
φi,j,o,f,t= ൝
1, if operation ሺoሻ required for feature ሺfሻ inproduct
    variant ሺiሻ in period ሺtሻis assigned to machine ሺjሻ
0, otherwise
 (15) 
ψo,f,t= ൝
1, if feature ሺfሻ is available withinall products 
     requires  operation ሺoሻin period (t)
0, otherwise
 (16) 
εf,t= ൜
1, if feature ሺfሻisavailable in all product produced in (t)
0, otherwise  (17) 
δf,t= ൜
1, if feature ሺfሻisavailable in at least one product in (t)
0, otherwise  (18) 
σo,f= ൝
1, if operation ሺoሻ required by feature ሺfሻ 
    is available of all production periods
0, otherwise
 (19) 
Nstj,t: Number of machine type ሺjሻin period (t) (20) 
The objective function is formulated as: 
Minǣ  ෍ purcostjNstj,txj,tൌ బ்m
J
j=1
+෍ purcostjNstj,tyj,ൌ బ்
m
J
j=1
 
+෍෍max(0,Nstj,t+1-Nstj,t)purcostjxj,t+1
m
J
j=1
T
t=1
 
+෍෍min(0,Nstj,t+1-Nstj,t)sellcostjxj,t+1
m
J
j=1
T
t=1
 
+෍෍max(0,Nstj,t+1-Nstj,t)purcostjyj,t+1
m
J
j=1
T
t=1
 
+෍෍min(0,Nstj,t+1-Nstj,t)sellcostjyj,t+1
m
J
j=1
T
t=1
 
+෍A0,t
m Bm
I0mαtm
T
t=1
ۉ
ۈ
ۈ
ۇ ෍෍ d
fb,b෠-1
J
b෠=1
yb෠,t
m rb,t
m
J
b=1
+෍෍ dfb,b෠-1
J
b෠=1
yb෠,t
m ab,t
m
J
b=1
+෍෍ dfa,b-1
J
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m ra,tm
J
a=1
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J
b=1
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m aa,tm
J
a=1 ی
ۋ
ۋ
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+100෍෍Nstj,t
T
t=1
J
j=1
 
(21) 
Where: 
αtm=
σ xj,tmJj=1
σ xj,tmJj=1 +σ yj,tmJj=1
, ׊tǡI0m=෍ purcostjܰݏݐ௝ǡ బ்xj, బ்m
௃
௝ୀଵ
 (22) 
The objective function equation (21) is related to the 
investment capital cost in the manufacturing system which 
includes the machine’s addition and removal as well as cost of 
their integration and testing as a result of changes. The first 
and second terms are concerned with the addition of platform 
and non-platform machines, respectively in production period 
“t=T0=1”. The third and fifth terms are concerned with the 
addition of platform and non-platform machines in the 
subsequent production periods “t>1”. The fourth and sixth 
terms are concerned with the removal of platform and non-
platform machines, respectively in the subsequent production 
periods “t>1”. The seventh term is the integration and testing 
cost of adding or removal of non-platform machines to the 
existing system. This term is adopted from [18] in which the 
integration and testing cost for system elements depends on 
the amount of commonality “αt
m” in the manufacturing system 
(ratio between platform machine types and sum of platform 
and non-platform machine types as in equation (22)) and 
initial investment within the platform portion of system “I0m”.  
The term “Bm“ is the total available budget and “A0m” is the 
base cost of testing and integration. The term “fj,b“ is the 
number of interfaces (material flow type is only be 
considered) between machine type “j” and “b”. For a flow line 
type manufacturing system, machine “j” has only one 
interface with machine “b” and accordingly, the term “dfj,b-1” 
is equal to “1”. The eighth term is a penalty term which 
constrains the number of machines in each period. The model 
contains a number of sets and constants: 
F[1,..,s,..],[1,..,ŝ,..],[1,..,q,..],[1,..,f,..]=set of product features 
J[1,..,a,..],[1,..,b,..],[1,..,b̂,..],[1,..,j,..]=set of machines 
O[1,..,o,..]=set of operations 
T[1,..,t,..]=set of production periods 
P[1,..,i,..]=set of product variants 
M is a large value constant (M=10000) and ϵ is a small value 
constant slightly larger than “0” (ϵ=0.1). These constants are 
used to relate a binary variable to a continuous variable or 
expression. The constant T0 is the initial production period 
(T0=1). The mathematical model constraints are given as: 
aj,t+1m ≤෍෍෍ φi,j,o,f,t+1(1-yj,tm
F
f=1
)(1-xj,tm )
O
o=1
P
i=1
≤ Maj,t+1m , ׊j,t (23) 
ݎ௝ǡ௧ାଵ௠ ൑෍෍෍ݕ௝ǡ௧௠ሺͳ െ ߮௜ǡ௝ǡ௢ǡ௙ǡ௧ାଵሻ
ி
௙ୀଵ
ை
௢ୀଵ
௉
௜ୀଵ
൑ ܯݎ௝ǡ௧ାଵ௠ ׊݆ǡ ݐ (24) 
Mσo,f-M+1≤ 1-T+෍ψo,f,t
T
t=1
≤ ሺ1-ϵሻ൫1-σo,f൯+σo,f, ׊o,f (25) 
xj,tm  ≤෍෍෍ φi,j,o,f,tσo,f
F
f=1
O
o=1
P
i=1
 ≤ Mxj,tm , ׊j,t (26) 
aj,tm+rj,tm≤1,׊j,t (27) 
xj,tm=xj,t+1m ,׊j,t (28) 
yj,t+1
m =yj,t
m+aj,t+1m -rj,t+1m ,׊j,t (29) 
Mψo,f,t-M+1≤1+(෍ zi,tγf,oρi,f
P
i=1
-෍ zi,t
P
i=1
) 
                                       ≤൫1-ϵ൯ ቀ1-ψo,f,tቁ+ψo,f,t,׊t,f,o 
(30) 
Mεf,t-M+1≤ 1+(෍ zi,tρi,f
P
i=1
-෍ zi,t
P
i=1
)≤ ሺ1-ϵሻ൫1-εf,t൯+εf,t,׊f,t (31) 
Mxf,t=T0
p -M+1≤ 1+ሺ෍ εf,t
T
t=1
-Tሻ≤ ሺ1-ϵሻ ቀ1-xf,t=T0
p ቁ+xf,t=T0
p ,׊f (32) 
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δf,t≤෍ zi,tρi,f
P
i=1
≤ Mδf,t, ׊f,t (33) 
xf,t
p +yf,t
p =δf,t, ׊f,t (34) 
xf,t
p =xf,t+1
p ,׊ f,t (35) 
෍ φi,j,o,f,t
௃
௝ୀଵ
=zi,tρi,fγf,o , ׊ i,o,f,t (36) 
φi,j,o,f,t=zi,tρi,fγf,oMcOpj,oμi,j,o,f,t(xj,t
m+yj,t
m ) , ׊ i,j,o,f,t (37) 
෍ μi,j,o,f,t
J
j=1
=1 , ׊ i,o,f,t (38) 
෍෍෍ demandi,t×ptimeo,j×φi,j,o,f,t
F
f=1
O
o=1
P
i=1
 
≤3600×NHD× ቀxj,tm+yj,tmቁNstj,t,׊ j,t 
(39) 
Equation (23) is concerned with the addition of non-
platform machine “j” in production period “t+1”. If a machine 
“j” can process a certain operation “o” required by feature “f” 
within product variant “i” in period “t+1” (i.e. φi,j,o,f,t+1=1) and 
machine “j” is not available as non-platform machine in 
period “t” (i.e. yj,tm=0) and machine “j” is not available within 
the platform machine portion of the system (i.e. xj,t
m
=0), 
therefore, machine “j” is added as non-platform machine in 
production period “t+1” (i.e. aj,t+1m=1). Equation (24) is 
concerned with the removal of non-platform machine “j” in 
production period “t+1”. If machine “j” is available in period 
“t” as a non-platform machine (i.e. yj,tm=1) and machine “j” 
cannot process operation “o” for feature “f” in product variant 
“i” in period “t+1” (i.e. φi,j,o,f,t+1=0), therefore non-platform 
machine “j” is removed from period “t+1” (i.e. rj,t+1m=1).  
Machine “j” within period “t+1” is removed from the non-
platform portion of the system since it does not possess the 
operational capability to perform any operation on any feature 
in production period “t+1”. Equations (25) and (26) are 
concerned with mapping product platform features and 
components to platform machines. Equation (27) insures that 
a non-platform machine is either added or removed in a 
certain period. Equation (28) insures that platform machines 
are available in all production periods. Equation (29) relates 
the type of non-platform machine in a certain period with 
respect to the preceding period. Equation (30) is used to 
determine the type of operation “o” required for a product 
feature “f” which is available in all product variants in period 
“t”. Equation (31) and (32) is used to determine the type of 
product features “f” which are available in all product variants 
in all production periods (i.e. product platform). Equation (33) 
is used to determine the type of product feature “f” that is 
available in at least one product variant in period “t”. 
Equation (34) insures that a product feature “f” available in 
certain period “t” is either a product platform or non-platform 
product feature. Equation (35) insures that a product platform 
feature or component is available in all production periods. 
Equations (36), (37), and (38) insures that operation “o” 
required for product feature “f” within product variant “i” in 
period “t” is mapped to only one machine type “j”. Equation 
(39) is related to line balancing which restrains the number of 
each machine type according to the product demand. “NHD” 
is the number of work hours available per day. It is evident 
that the mathematical model is non-linear. In order to obtain 
the linear form (to guarantee global optimum solution), the 
reader can refer to available linearization techniques [19]. 
4. Case Study 
The considered case study is concerned with a cylinder 
block manufacturing firm adopted from Mitsubishi [20]. The 
manufacturing company was producing inline 4 (I-4) cylinder 
blocks. Due to new design requirements, the company is 
willing to introduce V-6 cylinder blocks and V-8 cylinder 
blocks to its production line.  
The main objective of this case study is, first, functionally 
synthesize the manufacturing system (types and number of 
machines) in production period 1 (where the I-4 cylinder 
block is produced) and production period 2 (where the V-6 
and V-8 are produced) using co-platforming. Second, to 
demonstrate the cost reduction achieved when applying co-
platforming. The product features for the I-4 and V-6 cylinder 
blocks are shown in Fig.2. Product variants will be assumed 
for each model based on data in [21]. The input parameters 
are given in Tables 1, 2 and 3. Salvage cost of machines is 
assumed to be 1% of the purchase cost [11]. Base cost of 
integration and testing is calculated as $400 (seventh term in 
equation 21) [11]. Available one time budget is $50,000,000. 
 
Fig. 2.Product features for the I-4 and V-6 cylinder blocks  
 Table 1. Product variant-product features matrix and demand of each product 
in each production period (units/day)  
Product variants F1 F2 F3 F4 F5 F6 F7 F8 F9 T1 T2 
4A-GEU 1587cc 1 0 1 0 0 1 0 1 1 0 0 
711 M 1691 cc 1 0 1 0 1 0 0 1 1 500 0 
QR20DE 1998 cc 1 0 1 0 0 0 1 1 0 800 0 
Mopar 2360 cc 1 0 1 0 0 1 1 1 1 0 0 
Cosworth 2935 cc 0 1 0 1 0 1 1 1 0 0 800 
Buick215 2900 cc 0 1 0 1 1 1 1 1 0 0 0 
Cyclone 3496 cc 0 1 0 1 0 1 0 1 1 0 900 
LN3 3800 cc 0 1 0 1 1 1 1 1 1 0 400 
Table 2. : Machining operations-product feature matrix. 
OP  Operations F1 F2 F3 F4 F5 F6 F7 F8 F9 
1 Rough milling  horizontal surface 1 0 0 0 0 0 0 0 0 
2 Finish milling  horizontal surface 1 0 0 0 0 0 0 0 0 
3 Rough milling  inclined surface 0 1 0 0 0 0 0 0 0 
4 Finish milling  inclined surface 0 1 0 0 0 0 0 0 0 
5 Rough boring  horizontal surface 0 0 1 0 0 0 0 0 0 
6 Finish boring  horizontal surface 0 0 1 0 0 0 0 0 0 
7 Rough boring  inclined surface 0 0 0 1 0 0 0 0 0 
8 Finish boring  inclined surface 0 0 0 1 0 0 0 0 0 
9 Rough camshaft boring 0 0 0 0 1 0 0 0 0 
10 Finish camshaft boring 0 0 0 0 1 0 0 0 0 
11 Rough crankshaft boring 0 0 0 0 0 1 0 0 0 
12 Finish crankshaft boring 0 0 0 0 0 1 0 0 0 
13 Rough Water pump milling 0 0 0 0 0 0 1 0 0 
14 Finish Water pump milling 0 0 0 0 0 0 1 0 0 
15 Side wall rough milling 0 0 0 0 0 0 0 1 0 
16 Side wall finish milling 0 0 0 0 0 0 0 1 0 
17 Oil pump rough milling 0 0 0 0 0 0 0 0 1 
18 Oil pump finish milling 0 0 0 0 0 0 0 0 1 
 
F3 (Hole):Cylinder bore on horizontal plane 
F4 (Hole): 
Cylinder bore on 
inclined plane 
F6 (Hole): Crankshaft 
bore 
F8 (Plane):Cylinder Sidewall 
F5 (Hole):Camshaft 
bore 
F9 (Plane):Oil pump mounting 
F1 (Plane) :Horizontal deck face 
F2 (Plane):Inclined 
deck face F7 (Plane):Water pump mount (Not shown) 
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Only CNC machines data are taken from http://huron.fr. 
Purchase cost of CNC machines in Table 3 has been modeled 
using linear regression. The purchase cost (dependent 
variable), and the working volume (independent variable), 
were obtained from http://haasCNC.com. 
Table 3. : Machining operations-Machines matrix and processing time of each 
operation on each machine in seconds.  
OP K
X
50
M
 (
C
N
C
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1)
 
K
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G
45
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4 
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L
B
M
25
00
 (
M
8)
 
V
C
B
15
00
V
 (
M
9)
 
L
B
M
15
00
 (
M
10
) 
1 222 234 156 156 240 0 150 0 0 0 
2 138 0 0 210 132 0 0 0 0 0 
3 132 288 0 0 144 0 0 0 0 0 
4 216 0 0 0 210 0 0 0 0 0 
5 162 0 0 162 294 216 0 0 0 0 
6 132 0 0 0 258 0 0 0 282 0 
7 294 0 0 0 216 0 0 0 0 0 
8 0 0 0 0 240 0 0 0 240 0 
9 222 0 0 0 282 0 0 0 0 0 
10 0 0 0 0 294 0 0 282 0 0 
11 270 0 0 0 264 0 0 0 0 0 
12 0 0 0 0 0 0 0 144 0 186 
13 246 0 0 0 150 0 0 0 0 0 
14 216 0 0 0 138 0 0 0 0 0 
15 198 0 0 0 222 0 0 0 0 0 
16 288 0 0 0 150 0 0 0 0 0 
17 180 0 0 0 120 0 0 0 0 0 
18 210 0 0 0 186 0 0 0 0 0 
Cost ($x103) 270 461 157 162 336 80 10 100 50 80
5. Results 
The mathematical model is written using AMPL 
(http://ampl.com/) and solved by Gurobi MILP in NEOS [22, 
23, 24] in 144.12 seconds. Optimal solution of the objective 
function equation (21) of $12,438,830 is found (excluding the 
eighth term which is penalty term). The synthesized 
manufacturing system (platform and non-platform machine 
types) obtained using the optimal functional synthesis co-
platforming mathematical model are shown in Fig.3.  
Products features platform is the product feature F8 (side 
wall) since it is present in all cylinder blocks produced during 
the two production periods. Rest of the non-platform product 
features in production periods 1 and 2 are either present all 
products in one of the production periods or available in both 
production periods but not in all product variants. 
In production period 1, platform 5 axis CNC machines M1 
and M5 possess the machining capabilities (5 axes with tool 
magazine) to process the rough and finish machining 
operations for product platform feature F8 (side wall). 
However, the mathematical model also assigns platform 
machine M1 to process the machining operations required for 
some operations for non-platform product features such as F1 
(deck face), F3 (cylinder bore) and F5(camshaft bore). The 
reasons are: first, machine M1 has the machining capabilities 
to process machining operations required for non-platform 
product features F1, F3, and F5, and second, the mathematical 
model minimizes a cost function which requires providing the 
least number and types of machines. Platform 5 axis CNC 
machine M5 is assigned to non-platform product features 
F1(deck face), F5 (camshaft bore), F7 (water pump mount) 
and F9 (oil pump mount) as platform 5 axis CNC machine M5  
process the non-platform product features F1, F5, F7 and F9. 
 
Fig. 3. Co-Platformed I-4, V-6 and V-8 cylinder blocks and synthesized 
manufacturing system.  
In production period 2, platform 5 axis CNC machines M1 
and M5 have the machining capabilities to process the rough 
and finish machining operations for product platform feature 
F8 (side wall) as in production period 1. The mathematical 
model assigns platform 5 axis machine M1 to process 
required operations for non-platform product features F2 
(deck face), F5 (camshaft bore) and F9 (oil pump mount) as 
well as the roughing operation for non-platform product 
feature F6 (crankshaft bore) since platform 5 axis CNC 
machine M1 is capable of processing these non-platform 
product features for the reasons mentioned earlier. The 
platform machine 5 is assigned to non-platform product 
features 4 (cylinder bore), 5 (camshaft bore), 7 (water pump 
mount) and 9 (oil pump mount) and the rough operation for 
non-platform product feature 6 (crankshaft bore).   
Finishing operation of the non-platform product features 
F5 (camshaft bore) and F6 (crankshaft bore) are assigned to 
non-platform machine M8 (horizontal honing machine 
LBM2500). Finishing operation of the non-platform product 
feature F4 (cylinder bore) is assigned to non-platform 
machine M9 (vertical honing machine VCB1500V). 
Manufacturing the three cylinder blocks on the same 
system by  Mitsubishi [20] involved performing the rough and 
finish cutting operations for the V-6 and V-8 on 5 axis CNC 
machines only, which is different from the solution proposed 
in this paper as non-platform product feature F6  (crankshaft 
bore) is assigned to a special purpose machine M8 
(LBM2500) for honing operation. This difference is due to the 
special design of the 5 axis CNC machines implemented by 
Mitsubishi [20] which is equipped with a special tool used for 
honing operations.  
In production period 1, 5 axis CNC machine M1 processes 
operations for four product features (F1, F3, F5 and F8) with a 
total of 1300 units per day. In production period 2, machine 
M1 processes operations for six product features (F2, F5, F6, 
F7, F8 and F9) with a total number of 2100 units per day. Due 
to the increase in number of product features that require 
processing by 5 axis CNC machine M1 (from four to five 
features) as well as the increase in demand from production 
period 1 to 2, therefore, the number of 5 axis CNC machine  
M1 increased from 13 in period 1 to 23 in period 2.  
In production period 1, 5 axis CNC machine M5 processes 
operations on five product features (F1, F5, F7, F8 and F9) 
producing 1300 units per day. In production period 2, 5 axis 
CNC machine M5 processes operations for four product 
features also (F4, F7, F8 and F9) producing 2100 units per 
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day. The number of 5 axis CNC machine M5 increases from 
10 in production period 1 to 16 in production period 2.  
The effect of maintaining a common core of platform 
machines for the different production periods on the total 
investment cost is investigated. This effect is visualized 
graphically in Fig.4 using the co-platforming mathematical 
model to investigate the effect of varying the commonality 
factor “αt
m” from “0” to “1” on the optimum cost objective 
function. The x-axis is the average value of “αt
m” in periods 1 
and 2 while the y-axis is cost objective function (excluding 
the eighth term in equation (21) since it is penalty term and 
not part of investment cost). At “αav” between “0” and “1”, a 
group of common core or platform machines are maintained. 
In this region, the minimum cost of $12,438,830 is achieved 
at a value of “αav” equal to “0.75”. From Fig.4, co-platforming 
can lead to cost savings compared to the other two extremes 
shown in Fig.4 at “αav=0” (dedicated system with no platform 
machines) and “αav =1” (flexible system with no non-platform 
machines) in terms of a manufacturing system investment.  
 
Fig. 4. Effect of maintaining a common platform machine on the cost 
6. Conclusions 
This paper introduced an optimization model for the 
functional synthesis of the product and manufacturing system 
through co-platforming. The objective function is to minimize 
the total cost of the manufacturing system which consists of 
cost of purchasing of equipment and cost of change 
represented by the cost of adding/removing machines between 
the two production periods and related integration cost.  
The developed model has been applied to a cylinder blocks 
manufacturing case study. The results from the co-
platforming model provided the optimum types of machines 
in each production period (both platform and non-platform 
machines) and the number of each machine type. The effect of 
maintaining a common core of machines (platform machines) 
in the manufacturing system has also been investigated using 
the case study. It has been shown that co-platforming leads to 
cost savings. Future research will consider manufacturing 
system configuration. 
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